Introduction
Shear stress limits aggregation between large particles 2 2 6
Studies addressing the impact of mechanical stress on the morphology of streptomycetes in 2 2 7
liquid-grown cultures have demonstrated that high shear stress typically leads to the formation 2 2 8 of small mycelial particles, while large pellets are observed with less shear (Tamura et al., 2 2 9 1997; Xia et al., 2014) . Given that we only detected fragmentation after 30 h of growth, we 2 3 0 reasoned that mechanical forces exert their influence on morphology largely by counteracting 2 3 1 the aggregation between larger particles, rather than promoting fragmentation throughout 2 3 2 growth. To test this hypothesis, we performed an experiment in which we separately grew the is known to become negligible (Zacchetti et al., 2016) . We then mixed these cultures in flasks 2 3 5 either with or without a metal coil, a stratagem commonly used to regulate the degree of shear stress (Kieser et al., 2000) . Consistently with earlier observations, the presence of the metal 2 3 7 coil prevented aggregation between pre-existing particles, as concluded from the observation 2 3 8 that only 3.7 ± 1.0 % of pellets were either red or green fluorescent (Fig. 6 ). In co-cultures 2 3 9 performed without coils, however, we found that 68.7 ± 0.4 % of pellets contained distinct 2 4 0 patches of red and green fluorescent mycelium. On average, these composite pellets were 2 4 1 larger (352.3 ± 87.7 µm) than those formed in higher shear stress conditions (179.8 ± 37.4 2 4 2 µm). Taken together, these results indicate that mechanical stress plays a role in shaping Over the past years we have witnessed a dramatic increase in our understanding of the 2 4 6 physiology and growth dynamics of liquid-grown streptomycetes (van Dissel et al., 2014) .
4 7
Dissecting the factors that influence the submerged morphology of these bacteria is of crucial 2 4 8 importance to improve their industrial exploitation, given the correlation between morphology 2 4 9 and production (Wardell et al., 2002; van Wezel et al., 2006) . We here performed a systematic show that this process is initiated when cultures enter a stationary phase. Notably, when fresh 2 5 2 nutrients are provided, the released fragments are able to establish new pellets. This behavior 2 5 3 is strikingly similar to the dispersal of biofilms, a strategy that allows the inhabitants of these become unfavorable (e.g. nutrient starvation, presence of toxins). The similarities between Streptomyces pellets and biofilms are remarkable also from a 2 5 7 broader perspective (Fig. 7) , as previously suggested (Kim and Kim, 2004) . As in biofilms, substances (EPSs; (Flemming et al., 2007; Flemming and Wingender, 2010) . S. lividans 2 6 0 produces at least two EPSs, which are a glycan containing β -(1-4)-glycosidic bonds produced
under control of the cslA-glxA operon, and PNAG, which is synthesized by the MatAB proteins (Chaplin et al., 2015; van Dissel et al., 2015; van Dissel et al., 2018) . PNAG is a 2 6 3 widespread component of bacterial biofilms, e.g. those formed by Staphylococcus, but also 2 6 4 many other species (Götz, 2002; Jefferson, 2009) . In Streptomyces, these glycans mediate the adhesion between hyphae either belonging to the same or to distinct particles, a feature that
causes the deletion mutants of cslA, glxA or matAB to grow as individual particles with an
open morphology (Zacchetti et al., 2016) .
In S. lividans, the aggregation of distinct individuals occurs during the early stages of growth. This process has a duration that depends on the degree of mechanical stress in liquid
cultures. Here we show that when the level of shear is reduced, larger particles are able to 2 7 1 further aggregate, after which they continue to grow as a larger whole. When a threshold size is reached by these particles that impedes further aggregation, they further increase in size as hyaluronic acid (Kim and Kim, 2004) . The involvement of these components in strengthening
the adhesion between cells is commonly observed during the development and maturation of 2 7 7
various bacterial biofilms (Flemming and Wingender, 2010; Abee et al., 2011) .
Opposite to pellet formation is the process of their disassembly, commonly referred to
as fragmentation. In this study, we provide compelling evidence that fragmentation only from the periphery of aging pellets (see Fig. 2 phase, we speculate that this process may also be stimulated by the organism itself, similarly
to the ordered process of biofilm disassembly (Kaplan, 2010; McDougald et al., 2011 ;Guilhen aging Streptomyces pellets, could contribute to the active detachment of fragments (Manteca by Actinobacillus actinomycetemcomitans (Kaplan et al., 2003 thus seems conceivable that pellet-forming streptomycetes could also actively contribute to envision that these results are useful for a better understanding and more rational optimization of production processes. In particular, the notion that inoculating mycelium of different ages the production of the desired product. We thank Erik Vijgenboom, Gilles van Wezel and Dino van Dissel for fruitful discussions. BZ and DC designed the experiments, which were performed by BZ and PS. The manuscript
was written by BZ and DC, with input from PS. The authors declare that the research was conducted in the absence of any personal, 3 2 2 professional or financial relationships that could potentially be construed as a conflict of A b e e , T . , nutrients and other resources become limiting and waste products accumulate, the process of to disperse to more favorable locations. glycans that cover the surface of the so-called germlings cause them to rapidly adhere to one- hyphae, which detach as fragments. When provided with fresh nutrients, these fragments are 4 6 6 able to establish new pellets. Table 2 . Average Feret diameter of pellets in 24-hours old liquid cultures, which had been inoculated with 2 or 10 ml of seed cultures of different ages. The average Feret diameter of pellets in the seed cultures is shown inside parentheses. 2.6 ± 0.1 * 10
